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Abstract 
A coded source imaging (CSI) system has been developed and tested at the High Flux Isotope Reactor (HFIR) CG-1D beamline 
at Oak Ridge National Laboratory (ORNL). The goal of this system is to use magnification to improve resolution of the 
imaging system beyond the detector resolution. For this system, coded masks have been manufactured at 10µm resolution with 
9µm thick Gd patterned on Si wafers, a system model base iterative reconstruction code developed, and experiments have been 
performed at resolutions of 200µm, 100µm, 50µm, 20µm, and 10µm with the object place greater than 5.5m from the detector 
giving magnifications up to 25 times.   
© 2015 The Authors. Published by Elsevier B.V. 
Selection and peer-review under responsibility of Paul Scherrer Institut. 
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1. Introduction 
Neutron radiography instruments are commonly set up in a unity magnification configuration to minimize 
resolution loss due to penumbra resulting from the source spot size. In these configurations, there are three design 
parameters that are used to set the resolution of the neutron system:  (1) neutron source aperture size, D, (2) 
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distance from the source aperture to the object, Lso, and (3) distance from object to detector, Lod. Resolution is 
limited to ܦ כ ܮ௢ௗ ሺܮ௢ௗ ൅ ܮ௦௢ሻΤ  due to penumbra.  Resolution is also limited by the detector resolution. With unity 
magnification, the resolution is equal to the detector resolution. Magnifying of the object image on the detector by 
increasing the distance from the object to the detector will increase resolution due to the detector, but will lose 
resolution as a result of penumbra. Resolution due to the detector resolution, RDet, and magnification is given by 
ܴ஽௘௧ ሺܮ௢ௗ ൅ ܮ௦௢ሻ ܮ௦௢Τ . Fig. 1 shows a graph containing resolution due to penumbra and to magnification for an 
imaging system that places a 0.1mm resolution detector 6m from a 0.1mm source aperture. The crossing on this 
graph shows a potential resolution of 0.05mm as a result of two times magnification and penumbra held low by the 
small source aperture size. Reducing the source aperture size will reduce the neutron flux and extend the exposure 
time. The right side of Fig. 1 shows a graph of resolution and exposure time versus the source aperture diameter 
where the object is placed at the crossing point between the penumbra and magnification resolution lines. This 
graph is based on a 0.1mm detector resolution. Reducing source aperture diameter will enable the imaging system 
to overcome the detector resolution through magnification, but exposure times become unmanageable. Exposure 
time for a 0.1mm aperture is 6400 times longer than an 8mm aperture. As an example, if an 8mm aperture was set 
up at 6m on the CG-1D HFIR beam, exposure times of 60s or greater would be required using a typical scintillator 
based imaging detector. Therefore, a 0.1mm aperture would take in excess of 106 hours of exposure time which 
forces the use of larger apertures and unity magnification to keep exposure times low. Powder based scintillator 
imaging detectors are capable of 50-100µm resolution [Lehmann et al, 2007], crystal based scintillator detectors 
have demonstrated 15µm resolution [Williams et al, 2012], and micro channel plate detectors 15-20µm resolution.   
Fig. 1.  (Left) Resolution calculations for 6m source to detector distance and source diameter of 0.1mm , (Right) Dependence of resolution and 
exposure time on source aperture diameter. 
To reach higher resolutions using the same detectors, a magnified imaging instrument using coded source 
imaging (CSI) has been developed and tested at the High Flux Isotope Reactor (HFIR) CG-1D beamline at Oak 
Ridge National Laboratory (ORNL). The goal of this system is to reduce source aperture size to enable 
magnification by using many small aperture sources in a coded pattern to improve flux. Figure 2 depicts a 
comparison of imaging with a single pinhole source and multiple sources. In both cases, the projection P=A*O 
where A is the aperture that creates the source pattern, and O is the object. Each projection of the object in the 
coded source image is similar to the single pinhole projection so that the exposure time would be reduced if the 
images could be summed. However, overlap between the projections causes confusion and a deconvolution is 
required. Coded-aperture imaging (CAI) is a method to image emissions from a source on to a detector, and 
therefore has been applied to imaging for location of nuclear materials. Mathematically, CAI images are equal to 
CSI images, so aperture patterns that have been developed for CAI are directly applicable to CSI. Modified 
Uniformly Redundant Arrays (MURAs) developed for CAI [Gottesman and Fenimore, 1989] were selected for use 
in this effort. 
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CSI has previously been applied to neutron radiography. Due to the various projection angles provided by the 
sources in a coded-aperture, the captured projection contains three-dimensional (3D) information about the object. 
[Coakley and Hussey, 2007] investigated CSI as a means for computed tomography with a single image capture. 
Their conclusion was that neutron beams are so collimated that the angular spread needed for 3D reconstruction 
was not available. [Zou  et al., 2011] implemented CSI at low magnifications to shorten exposure times for phase-
contrast imaging.  
Figure 2. Pinhole and coded source imaging comparison. 
Our work differs from these efforts by using higher magnification to improve resolution of standard scintillator 
based neutron imaging detectors. Key challenges for development of a magnified CSI system are: 
• reconstruction errors due to magnification since direct deconvolution reconstruction assumes far field geometry 
(low magnification), 
• neutron masks with holes at size of resolution and thickness high enough to stop neutrons are needed, 
• and non-uniformity of neutron source distribution. 
The following sections describe the development of the system at HFIR [Bingham et al, 2011], discuss 
reconstruction algorithm development progress [Santos-Villalobos et al, 2013], and present experimental results.  
2. CSI system design and development 
Figure 3 depicts the layout for the CSI instrument at the HFIR cold guide instrument (CG-1D). The instrument 
was already an imaging instrument located at the end of a neutron guide, so it had an imager, an object positioning 
system, an aperture near the end of the neutron guide, and a diffuser. Implementing CSI only required access near 
the beam aperture to place the coded source mask and the test object. CG-1D is an open design that allows access 
to all space along the 6m beam path from the aperture to the imaging detector. As shown in Figure 3, the system 
includes positioning of multiple coded-aperture masks in the neutron beam. An imaging method that consecutively 
collects an aperture and an anti-aperture image and subtracts the two before deconvolution will suppress artifacts 
resulting from system noise [Accorsi and Lanza, 2001]. This CSI instrument has been designed to allow use of the 
aperture/anti-aperture method to reduce image artifacts resulting from near field reconstruction and non-uniform 
source intensity. The scintillator based imaging detector at CG-1D has a resolution of 100µm. The design goal is to 
use magnification to reach the 1-10µm resolution range, so a magnification of at least 10 is required. As a result, 
the coded-aperture masks and the object holder are all in the first 60cm of the beam after the aperture. 
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Figure 3. Depiction of CSI system design. 
2.1. Instrument development 
Figure 4 shows the CG-1D instrument and major components of the CSI system. The CG-1D instrument is an 
open design with no shielding around the imaging station as shown in Figure 4a. A beam stop behind the imager 
and a fence provide for radiation safety. As a result, radiation from activation of or scattering from any new 
components placed in the beam must be shielded, so a shielding box made of lead (Figure 4b) was manufactured to 
house the coded-aperture masks. For flexibility during the design phases, the shielding is placed on slides to allow 
easy access to the apertures. A wafer containing multiple coded-apertures (Figure 4d) and a three-axis positioning 
stage for placement of the apertures (Figure 4c) are contained within the shielding box. The positioning system has 
a 150mm horizontal range and a 50mm vertical range to select apertures on the wafer and a rotation stage to 
rotationally align the wafer coordinate system to the positioning stages. Figure 4e shows the placement of a field-
of-view aperture in the system. CSI masks are designed to provide proper reconstruction for fields of view up to a 
set size. For this design, the masks limit the field of view to 3mm x 3mm or smaller. A borated aluminum mask 
covered with a lithium based material with slightly larger aperture was used for this mask. The object to be imaged 
is placed between the field-of-view mask and the coded-aperture mask as close to the field-of-view mask as 
possible. 
2.2. Coded-aperture mask manufacturing 
Manufacturing of a coded-aperture for the magnified neutron CSI instrument requires a mask containing 
structures with spatial dimensions close to the desired resolution for the imaging system that is capable of stopping 
enough neutrons to code the source. Subtraction of the aperture and anti-aperture images will remove the neutrons 
that transmit through the mask, but these neutrons are essentially considered noise and do not contribute to the 
image. Therefore, exposure time is directly related to transmission through the mask and the goal is to make masks 
as thick as possible to optimize use of available neutrons. A semiconductor wafer manufacturing process was 
implemented to produce coded-aperture masks out of Gd on a Si wafer. In this process, four-inch diameter wafers 
are coated with Gd using a sputter coating process that alternates between coating 1µm thick layers of Gd and 
50nm thick layers of Ti as shown in Figure 5a. The alternating layers prevent intrinsic strain build-up within the 
Gd. With this process Gd thicknesses up to 9µm have been deposited. Patterning of the Gd is accomplished by spin 
coating the wafer with a photoresist and contact photolithography of the photoresist followed by sputter etching in 
Argon plasma. Figure 5b and c show topographic maps of two 9µm thick Gd on Si wafer aperture patterns with 
resolutions of 20µm and 10µm respectively. Analysis of these maps shows that the 20µm features etch clearly 
through the Gd layer and the 10µm features do not etch entirely through. Patterning for the 10µm and smaller 
apertures will be improved by using a thinner Gd layer and by placing streets between the pattern apertures. Each 
four-inch wafer is patterned to contain aperture and anti-aperture masks for multiple coded-aperture designs. All of 
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the patterns used are MURA patterns at various base pattern sizes and resolutions. Figure 4d shows one wafer 
design in the four-inch lens holder used to mount the wafer. Each square pattern on the wafer represents a single 
coded-aperture pattern. Several additional features are included on the wafer: 
• horizontal and vertical lines used for rotational and spatial alignment of the wafer in the system, 
• pinhole apertures for imaging the uniformity of the neutron intensity emitted from the guide, 
• and resolution patterns to test the resolution mask print process. 
Figure 4. (a)CG-1D instrument (b) shielded housing for coded-apertures (c) aperture positioning stages (d) coded-aperture masks (e) field of 
view mask 
Figure 5.  (a) Gd mask wafer manufacturing procedure (b) topography map of 20µm resolution mask (c) topography map of 10µm resolution 
mask. 
3. Reconstruction algorithm development 
In an ideal coded-aperture system that has a uniform source, a totally opaque mask, and is operated in far field 
such that each pinhole produces practically the same projection on the detector, reconstruction of the object image 
from the coded image is accomplished through correlation of a reconstruction kernel with the image. This CSI 
system has implemented the aperture/anti-aperture pair technique to reduce artifacts resulting from non-ideal 
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conditions. Capturing the image pair requires twice as much time and artifacts are not completely removed during 
correlation based reconstruction, so iterative reconstruction algorithms are under development. Two iterative 
approaches have been implemented. First, a Maximum Likelihood Estimation (MLE) approach using mask 
convolution for forward projection and the mask deconvolution kernel for back projection was implemented. 
Second, a system model-based Simultaneous Iterative Reconstruction Technique (SIRT) algorithm has been 
developed to incorporate non-ideal factors into the reconstruction. The system model enables the algorithm to 
include source non-uniformity and mask transmission into the reconstruction. Simulation has been used to test 
performance of the various algorithms. Figure 6a shows the object simulated within the CSI simulator and Figure 
6b shows the resulting coded image when using a 50µm coded-aperture and a neutron source with a Gaussian 
intensity roll off. The object is a circular aperture with no transmission outside representing a field-of-view mask 
containing a “T” with cross bar transmission value of 0.2 and vertical bar transmission of 0.4. With the goal of 
removing the need for an anti-aperture, reconstructions were performed on only the aperture image using direct 
deconvolution (Figure 6c), kernel based MLE reconstruction (Figure 6d), and model-based SIRT (Figure 6e). From 
these results, the direct reconstruction shows a significant hourglass artefact resulting from the Gaussian source 
linked with the near field geometry. The MLE reconstruction improves contrast for the two components of the “T” 
structure, but still contains significant artifacts. SIRT with a system model that accounts for system geometry and 
includes a Gaussian source produces a reconstruction of the original object with transmission values for the “T” 
averaging 0.2 and 0.4 for cross bar and support bar respectively which is correct for the simulated object. 
In these simulated results, each aperture in the coded-aperture emitted a Gaussian intensity profile. The intensity 
distribution of the source at CG-1D is much more complex in nature. Each hole of the coded-aperture is viewing 
the neutron source through a beam guide at a different angle resulting in shifts and intensity variations in the 
pattern. Figure 6f shows an experimental image of the source taken by replacing the coded-aperture by a single 
0.38mm diameter aperture and removing the diffuser, the object, and the field-of-view mask to produce a pinhole 
camera image of the source. Figure 6g shows the same image with a graphite powder diffuser included. The 
diffuser removes much of the complex pattern of the source; however, high resolution structures still remain and 
will be more prominent when imaging with smaller pinholes found in the coded masks. Moving the pinhole across 
the area covered by a single coded-aperture mask revealed that this source pattern shifts as expected with the 
perspective change, but it also changes in intensity distribution. This requires a more complex system model than 
just a perspective shift of a source distribution. Currently efforts are underway to use a few pinhole measurements 
over the coded-aperture plane to calculate the source distribution for all apertures in a coded pattern. 
Figure 6. (a) Simulated object (b) coded source image of simulated object using a 50µm coded-aperture mask (c) direct deconvolution 
reconstruction (d) kernel based iterative reconstruction (e) system model based iterative reconstruction (f) pinhole image of source intensity 
distribution with no diffuser and (g) with graphite powder diffuser. 
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4. Experimental Results 
Two series of experiments have been performed during the development of CSI at the HFIR CG-1D instrument. 
In the first series, a steel bolt was attached to the source facing side of the 2mm diameter field-of-view aperture 
such that a portion of the threads are imaged. Figure 7 shows results for these experiments. For comparison, a 
regular radiograph was captured with the bolt taped to the surface of the scintillator based imager as shown in 
Figure 7a. This imaging setup has been measured to have 80-100µm resolution. A 2.5mm square sub-image 
extracted from the radiograph in Figure 7a is shown in Figure 7b for direct size comparison to the same size coded 
source reconstructions in Figure 7c, d, e, f, and g. All of these CSI results were reconstructed with a kernel 
deconvolution of a subtracted aperture/anti-aperture pair. The main difference across these reconstructions is the 
resolution of the coded-aperture designs with c-g corresponding to 200µm, 100µm, 50µm, 20µm, and 10µm 
respectively. From these figures, the resolution clearly improves with the coded-aperture mask resolution and the 
100µm mask provides a result that is most similar to the direct image as expected. Table 1 lists other key 
parameters for the setup on each of these images. Most notably, the images are collected with the object over 5.5m 
away from the imager to reach magnifications up to 25 times. All of these CSI images were collected with the 
same imager used for the direct image of the bolt shown in Figure 7b. 
  
Figure 7. (a) Neutron radiograph of bolt captured with scintillator based imaging detector at CG-1D,  (b) sub-image of bolt radiograph extracted 
from box in image a, (c-g) image reconstructions from coded-aperture radiographs taken with 200µm, 100µm, 50µm, 20µm, 10µm coded-
aperture designs. 
Table 1. Experiment parameters for CSI images shown in Figure 7. 
Image Object to Detector Magnification Mask resolution Base mask size Mask thickness 
c 5.57 m 18 200 µm 11 x 11 5.5µm 
d 5.54 m 16.6 100 µm 31 x 31 5.5µm 
e 5.64 m 23 50 µm 61 x 61 5.5µm 
f 5.66 m 25 20 µm 151 x 151 9.0µm 
g 5.66 m 25 10 µm 293 x 293 9.0µm 
To perform a quantitative evaluation of resolution, a resolution target pattern consisting of line sets at discrete 
line widths was manufactured on a 9µm thick Gd mask wafer and imaged at multiple coded-aperture resolutions 
for a second set of tests. Figure 8 shows results of coded source reconstructions of the resolution target using 30µm 
(left) and 20µm (right) coded-aperture masks. The 30µm line set is clearly visible in the 30µm mask image and 
resolution improves with the 20µm coded-aperture image with lines in the 20µm line set becoming visible; 
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however, noise due to artifacts in the correlation based reconstruction begin to affect visibility of the lines. This 
data set was captured with a magnification of 11.67 and exposure times of 500 mins (30µm) and 600mins (20µm). 
Figure 8. Reconstructed CSI images of a resolution target using a (left) 30µm mask and (right) a 20µm mask. 
5. Summary 
A CSI system has been developed at the HFIR CG-1D beamline and magnified imaging proven at 
magnification up to 25 times with object placed over 5.5m away from the detector. Using direct reconstruction 
with aperture/anti-aperture pairs has produced resolutions in the 20µm resolution range using a scintillator based 
imager having a 100µm resolution. While crystal scintillator and MCP detectors are producing better or similar 
resolution, if masks can be produced at higher resolutions, this method has the potential to use magnification for 
improved resolution for these detector types as well.  Use of magnification also allows high resolution imaging of 
objects that can’t be placed close to the detector and reduces issues related to scattered neutrons from the object 
being collected by the imager. Masks have been manufactured with up to 9µm thick Gd on Si wafers and a 0.9 
aspect ratio for the mask features using semiconductor wafer manufacturing techniques. Reconstruction algorithms 
for both convolution based reconstruction and iterative reconstruction have been developed and tested with 
simulated data showing that system model-based reconstruction removes artifacts due to source non-uniformity, 
mask transmission, and near field geometry.   
Current challenges are improving mask manufacturing to increase aspect ratio of masks and incorporation of the 
source non-uniformity into system models for iterative reconstruction. In an effort to double mask thickness, next 
steps will use two mirrored masks aligned with Gd surfaces touching. To allow optical alignment of the masks, the 
masks are now being manufactured with a quartz wafer base. With these double masks, the system will be pushed 
to 5µm and higher resolution. A second mask modification under test is the inclusion of streets between holes in 
the coded-aperture to allow production of a thicker mask. Currently the SIRT reconstruction code has been 
modified to include the complex source distribution presented to the CSI system by the cold neutron guide at CG-
1D. Next experiments will include a pinhole scan to capture source uniformity and model-based SIRT 
reconstructions will be applied. Using SIRT is expected to half exposure time due to removal of the need for an 
anti-aperture image and removes artifacts in reconstruction due to source non-uniformity.   
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